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MULTIPLE PLANET FLYBY MISSIONS TO VENUS AND MARS 

I N  1975 TO 1980 TIME PERIOD 

Archie  C .  Young 

H u n t s v i l l e ,  Alabama 

ABSTRACT 

A d e t a i l e d  a n a l y s i s  of mu l t i -p l ane t  f l y b y  miss ions  t o  Venus and 
Mars dur ing  1975 t o  1980 t i m e  period is presented .  Resul ts  f o r  mul t i -  
p l a n e t  f l y b y  miss ion  o p p o r t u n i t i e s  i n  1975, 1977, and 1978 a r e  g iven .  
Data are  presented  f o r  ear th  d e p a r t u r e ,  p l a n e t  encounter ,  and e a r t h  
r e t u r n  phases of the mission.  

A comparison of the d e s i r a b l e  and undes i r ab le  f e a t u r e s  of a s i n g l e -  
p l a n e t  (Mars) f l y b y  miss ion  and a mul t i -p l ane t  f l y b y  mis s ion  is made .  
A t i m e l i n e  f o r  a l l  of the f l y b y  missions s t u d i e d  is g iven  i n  t i r m s  o f  
e a r t h  depa r tu re  d a t e ,  p l a n e t  encounter d a t e ,  and e a r t h  r e t u r n  date.  
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MULTIPLE PLANET FLYBY MISSIONS TO VENUS AND MARS 

I N  1975 TO 1980 TIME PERIOD 

SUMMARY 

A d e t a i l e d  a n a l y s i s  of a l l  poss ib l e  low energy o p p o r t u n i t i e s  f o r  
m u l t i p l e  p l a n e t  f l yby  missions t o  Venus and Mars during 1975 t o  1980 time 
per iod was made. T ra j ec to ry  p r o f i l e s  passing Venus f i r s t  and then con- 
t i n u i n g  t o  Mars and r e t u r n i n g  t o  earL1i were considered f o r  a rliial-planet 
f l yby  mission.  T r ip l e -p l ane t  f lyby missions passing Venus, then Mars, 
then  passing Venus t h e  second time and then r e t u r n i n g  t o  e a r t h  were 
i n v e s t i g a t e d .  Powered maneuvers a t  Mars and Venus were u t i l i z e d  when 
r equ i r ed  t o  match the  approach hyperbola wi th  the  depa r tu re  hyperbola 
and t o  c o n s t r a i n  the  minimum passage d i s t a n c e  a t  the  r e s p e c t i v e  p l a n e t .  

P e r t i n e n t  t r a j e c t o r y  parameters and t h e  weight r equ i r ed  i n  e a r t h  
o r b i t  t o  perform the missions a r e  presented g r a p h i c a l l y .  

SECTION I. INTRODUCTION 

Over t h e  p a s t  few yea r s ,  a great  volume of d a t a  has been obtained 
f o r  f r e e  f l i g h t  s i n g l e - p l a n e t  f l yby  missions t o  Mars and Venus, b u t  
v e r y  l i t t l e  d a t a  have been a v a i l a b l e  up t o  t h i s  time f o r  m u l t i - p l a n e t  
f l y b y  missions t o  Mars and Venus. This r e p o r t  p re sen t s  t h e  r e su l t s  of 
a d e t a i l e d  a n a l y s i s  f o r  mul t i -p l ane t  f l yby  mission during the 1975 t o  
1980 time pe r iod .  The r e l a t i v e  geometry of Ea r th ,  Venus and Mars is 
approximately r e p e t i t i v e  every 6.4 yea r s ;  t h e r e f o r e ,  o p p o r t u n i t i e s  f o r  
s imilar  f r e e  f l i g h t  mission p r o f i l e  occur every 6 . 4  y e a r s .  Opportuni t ies  
e x i s t  f o r  some a t t r a c t i v e  mul t i -p l ane t  f l y b y  missions during the 1975 - 
1980 t i m e  per iod.  These missions can be accomplished e i t h e r  by passing 
Mars en rou te  t o  Venus o r  passing Venus enroute  t o  Mars. A powered 
maneuver is u s u a l l y  r equ i r ed  while passing one of t h e  p l a n e t s .  

Data a r e  given f o r  t he  mul t i -p l ane t  mission such t h a t  comparison 
can be made between s i n g l e - p l a n e t  and m u l t i - p l a n e t  f l yby  missions.  



SECTION 11. DISCUSSION OF PROBLEM 

Mul t ip l e  p l a n e t  f lyby missions were i n v e s t i g a t e d  t o  determine i f  
they o f f e r  more a t t r a c t i v e  f e a t u r e s  over a s i n g l e - p l a n e t  Mars f l y b y  
mission.  One a t t r a c t i v e  f e a t u r e  is apparent  innnediately i n  t h a t  two 
p l a n e t s  can be explored as compared t o  one f o r  a Mars o r  Venus s i n g l e -  
p l a n e t  f l yby  mission.  Other d e s i r e d  f e a t u r e s  a r e  as fol lows:  

1. Shor t e r  mission time. 

2.  Shor t e r  time i n t e r v a l  between p l a n e t  mcour - l te r .  

3 .  Lower encounter v e l o c i t y .  

4 .  Reduced aphe l ion  d i s t a n c e .  

A .  General So lu t ion  f o r  Free F l i g h t  P l a n e t  Passage 

For a dua l -p l ane t  t r a j e c t o r y ,  t h e r e  a r e  t h r e e  i n d i v i d u a l  
t r a n s f e r  segments which must be merged t o  o b t a i n  one complete dual-  
p l a n e t  t r a j e c t o r y .  The f i r s t  segment i s  determined by the  p o s i t i o n  of 
t h e  depa r tu re  and f i r s t  passage p l a n e t  and the  t r a n s f e r  time between t h e  
two p l a n e t s ;  t h e  second segment is determined by the  p o s i t i o n  of the 
f i r s t  and second passage p l a n e t s  and the t r a n s f e r  time between them; 
the  t h i r d  segment i s  determined by t h e  p o s i t i o n  of t he  second-passage 
p l a n e t  and the terminal  p l a n e t  and the  f l i g h t  time between the  two 
p l a n e t s .  From two-body theory,  a f r e e  f l i g h t  s o l u t i o n  v ia  a passage 
p l a n e t  e x i s t s  i f  t he  approach and depa r tu re  hype rbo l i c  excess speeds 
a r e  of equal  magnitude s i n c e  t h e r e  is no energy change r e l a t i v e  t o  t h e  
passage p l a n e t .  
than the  p l ane t  r a d i u s .  To have a complete f r e e  f l i g h t  d u a l - p l a n e t  
t r a j e c t o r y ,  the second-passage p l a n e t  can cons ide r  only merging approach 
hyperbolas which a r e  der ived from segments (determined by f i r s t - p a s s a g e  
and second-passage p l a n e t s )  that have f r e e - f l i g h t  c h a r a c t e r i s t i c s  a t  t h e  
f i r s t - p a s s a g e  p l a n e t .  
hyperbola have been merged a t  t h e  second-passage p l a n e t ,  t he  complete 
dua l -p l ane t  t r a j e c t o r y  is determined. 

The r a d i u s  of c l o s e s t  approach must be equal  t o  o r  g r e a t e r  

When a n  approach hyperbola  and a d e p a r t u r e  

Y 

U 

For a t r i p l e - p l a n e t  f l yby  mis s ion ,  fou r  i n d i v i d u a l  t r a n s f e r  
segments have t o  be merged a t  t he  three-passage p l a n e t s  i n  t h e  same 
manner  as i n  t h e  dua l -p l ane t  mission. 

2 



B. Execution of a Powered Maneuver a t  Passage P l a n e t  t o  Obtain 
M u l t i p l e  P lane t  Flyby Missions 

For a maneuver with unlimited power a v a i l a b l e ,  a complete dual-  
o r  t r i p l e - p l a n e t  f l yby  t r a j e c t o r y  can be obtained f o r  any t h r e e  o r  fou r  
segments, r e s p e c t i v e l y ,  provided t h a t  a t  t h e  passage p l a n e t  t h e  approach 
segment and d e p a r t  segment have common d a t e s  a t  the  passage p l a n e t .  The 
v e l o c i t y  increment r equ i r ed  can be determined by the  approach hype rbo l i c  
excess v e l o c i t y  v e c t o r  (VW,) , t h e  d e p a r t  hype rbo l i c  excess v e l o c i t y  
v e c t o r  (qw2) and the c l o s e s t  passage d i s t a n c e .  
powered maneuver requirement w i th in  some reasonable  range,  t h e  scalar 
magnitude of t,, and Vw2 should not d i f f e r  by more than 0.10 EMOS 
( 3 . 0  km/sec), and the  ang le  between t h e  two v e c t o r s  vwl and Vw2 
n o t  d i f f e r  by more than approximately 50 degrees from the n a t u r a l  t u rn ing  
c a p a b i l i t y  of t h e  passage p l a n e t  due  Lo i t s  g r a v i t a t i o n a l  attraction. 

However, t o  keep the  

- 
should 

C. Admissible S o l u t i o n  

Since mission o b j e c t i v e s  and s p a c e c r a f t  propuls ion system 
c a p a b i l i t i e s  d i c t a t e  pe rmis s ib l e  t r a j e c t o r y  p r o f i l e s ,  i t  is necessary 
t o  c o n s t r a i n  some of the p e r t i n e n t  t r a j e c t o r y  parameters t o  s t a y  w i t h i n  
some s p e c i f i e d  range i n  o rde r  t o  expect  a h igh  p r o b a b i l i t y  of mission 
success  o r  even t o  a t t empt  t o  perform the  mission. Cons t r a in t s  con- 
s i d e r e d  i n  t h i s  r e p o r t  were (1) d e p a r t u r e  and r e e n t r y  speed a t  e a r t h ,  
(2)  p e r i h e l i o n  and aphe l ion  d i s t a n c e ,  (3) t h e  c l o s e s t  approach d i s t a n c e  
and speed a t  t h e  passage p l a n e t ,  and ( 4 )  t h e  t o t a l  f l i g h t  t i m e  of t he  
m i s  s ion. 

SECTION 111. APPROACH TO THE PROBLEM 

For the m u l t i - p l a n e t  f l yby  mission,  e x i s t i n g  o r  improved o r b i t  
launch v e h i c l e s  were assumed t o  i n j e c t  t h e  s p a c e c r a f t  onto h e l i o c e n t r i c  
t r a j e c t o r i e s .  Considering t h e  above assumption, t he  fol lowing con- 
s t r a i n t s  were made: 
be equal  t o  o r  less than 0.30 EMOS, the  hype rbo l i c  excess speed a t  Mars 
arrival and depa r tu re  must be equal t o  o r  l e s s  than 0.30 EMOS, and t h e  
h y p e r b o l i c  excess speed a t  Venus a r r i v a l  and depa r tu re  must be equal  t o  
o r  l e s s  than 0.50 EMOS, t o t a l  time of mission must n o t  exceed 750 days,  
and t h e  r a d i u s  of c l o s e s t  approach must be equal t o  o r  g r e a t e r  than 1 . 0  
p l a n e t  r a d i i  a t  p l a n e t  encounter. 

t he  hyperbol ic  excess speed a t  e a r t h  depa r tu re  must 
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A l l  poss ib l e  e a r t h  launch d a t e s  were considered wherein the  mission 
could depa r t  from e a r t h  w i t h  hype rbo l i c  excess speeds of l e s s  than 0.30 
EMOS, and wherein the  approach speed a t  passage of the f i r s t  p l a n e t  w a s  
w i t h i n  t h e  imposed c o n s t r a i n t .  This approach gave a l l  admiss ib l e  f i r s t  
segment t r a n s f e r s .  The second s t e p  involved merging t h e  second segment 
w i t h  t h e  f i r s t .  
unreasonable va lues  of impulsive v e l o c i t y  (AV < 3.0 km/sec) a t  the  f i r s t  
passage p l a n e t ,  t he  f i r s t  and second admiss ib l e  segments of t he  t r a j e c -  
t o r y  a r e  now determined. For a dua l -p l ane t  mission,  t h e  f i n a l  s t e p  is  
t o  match the t h i r d  segment w i t h  a n  admiss ib l e  second segment wi thou t  
r e q u i r i n g  a v e l o c i t y  maneuver g r e a t e r  than 3.0 km/sec a t  the second 
passage p l ane t .  Merging the  t h r e e  segments a t  the two passage p l a n e t s  
y i e l d s  the  complete dua l -p l ane t  f l yby  mission.  The same procedure i s  
used f o r  a t r i p l e - p l a n e t  mission;  however, i n  t h i s  case,  f o u r  i n d i v i d u a l  
segments a r e  involved. I f  a t  the  f i r s t  o r  second passage p l a n e t ,  t he  
power maneuver requirement w a s  g r e a t e r  t han  3.0 km/sec, t he  e a r t h  launch 
window opportuni ty  w a s  no longer considered,  and t h e  nex t  e a r t h  launch 
d a t e  oppor tun i ty  was i n v e s t i g a t e d .  

I f  t h i s  merging could be done without  r e q u i r i n g  

SECTION I V ,  LAUNCH OPPORTUNITY FOR 

MLTLTIPLE PLANET MISSIONS DURING 1975 TO 1980 TIME PERIOD 

A d e t a i l e d  a n a l y s i s  of m u l t i p l e - p l a n e t  missions w a s  conducted on 
a l l  p o s s i b l e  launch year o p p o r t u n i t i e s  during the  time per iod of 1975 t o  
1980. During t h i s  time pe r iod ,  t h e r e  a r e  t h r e e  e a r t h  launch window 
o p p o r t u n i t i e s  f o r  e a r t h  t o  Venus t r a n s f e r s  occur r ing  i n  1975, 1977 and 
1978. For mul t ip l e -p l ane t  mi s s ions ,  t he  1975 o p p o r t u n i t y  passing Venus 
f i r s t  exceeds t h e  c o n s t r a i n t  of AV 5 3.0 km/sec. The 1977 oppor tun i ty  
y i e l d s  a t r i p l e - p l a n e t  f l yby  mission and t h e  1978 oppor tun i ty  is  a dua l -  
p l a n e t  mission which can be flown on e i t h e r  a f r e e  r e t u r n  p r o f i l e  o r  a 
powered maneuver during t h e  Mart ian encounter .  There are  t h r e e  e a r t h  
launch windows f o r  t he  Earth-to-Mars t r a n s f e r  du r ing  t h e  1975 t o  1980 
time pe r iod ,  Due t o  l a r g e  power maneuver requirements ,  on ly  one of t h e  
Earth-to-Mars launch o p p o r t u n i t i e s  was considered a t t r a c t i v e  f o r  m u l t i p l e -  
p l a n e t  missions.  
p l a n e t  mission which r equ i r ed  a powered maneuver a t  Mars t o  execute  t h e  
r equ i r ed  bend a n g l e  and energy change r e l a t i v e  t o  Mars. 

The m u l t i p l e - p l a n e t  mi s s ion  considered was a 1975 dual-  
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SECTION V. ANALYSIS OF 1975 DUAL-PLANET POWERED FLYBY 

t 

A l l  p e r t i n e n t  t r a j e c t o r y  parameters f o r  t he  1975 oppor tun i ty  were 
generated and a r e  presented i n  Figures 1 through 16. 
t r a t e s  a t y p i c a l  h e l i o c e n t r i c  t r a j e c t o r y  p r o f i l e ,  g iv ing  d a t a  f o r  Ea r th  
depa r tu re ,  Mars passage, Venus passage, and E a r t h  a r r i v a l .  This t r a j e c -  
t o r y  r e q u i r e s  a v e l o c i t y  increment of 5.92 km/sec f o r  d e p a r t i n g  from a 
485 km a l t i t u d e  c i r c u l a r  geocen t r i c  o r b i t .  Mars passage occurs 226 days 
a f t e r  E a r t h  depa r tu re .  A powered maneuver a t  Mars passage is  executed 
t o  t r a n s f e r  from a n  approach hyperbola having a 0.1594 EMOS excess speed 
t o  a d e p a r t i n g  hyperbola wi th  a 0.1726 EMOS excess  speed. 
v e l o c i t y  of 0.558 km/sec is r equ i r ed .  
b o l i c  excess v e l o c i t y  v e c t o r s  i s  44.3 degrees;  t h e  g r a v i t a t i o n a l  a t t r a c -  
t i o n  of Mars i s  capable  of bending the  t r a j e c t o r y  the  r equ i r ed  44.3 
degrees by passing r e l a t i v e l y  c lose  (Rcp = 1.1) t o  Mars and applying the 
impulse v e l o c i t y  increment a f t e r  the incoming hype rbo l i c  has passed 
through p e r i a p s i s .  The t r a j e c t o r y  cont inues on t o  Venus and makes a 
f r e e  f l i g h t  passage a t  Venus on September 26, 1976, 232 days a f t e r  Mars 
encounter ,  w i t h  a c l o s e s t  approach d i s t a n c e  of 1.25 p l a n e t  r a d i i  and 
hype rbo l i c  excess speed of .3972 EMOS. F l i g h t  time from Venus t o  E a r t h  
is 135 days,  a r r i v i n g  a t  Ea r th  February 8, 1977, w i t h  a r e e n t r y  speed 
of 13.0 km/sec. 

Figure 1 i l l u s -  

An impulsive 
The a n g l e  between the  two hyper- 

Figure 2 p re sen t s  t he  e a r t h  depa r tu re  and Mars passage impulsive 
v e l o c i t y  requirement f o r  t he  e a r t h  d e p a r t u r e  window. The e a r t h  d e p a r t u r e  
window f o r  t h e  1975 dua l -p l ane t  f l yby  mission occurs about two months 
b e f o r e  the  low energy Mars f lyby  mission. Due t o  the  r a p i d l y  i n c r e a s -  
ing h igh  impulsive v e l o c i t y  requirement a t  Mars passage, t h e  e a r t h  
d e p a r t u r e  cannot be delayed f o r  the dua l -p l ane t  mission t o  take advantage 
of t h e  lower impulsive v e l o c i t y  requirement a t  e a r t h  depa r tu re .  Fig- 
u re s  3 and 4 i n d i c a t e  the  i n i t i a l  weight i n  e a r t h  o r b i t  and p r o p e l l a n t  
r e q u i r e d  f o r  e a r t h  depa r tu re  and Mars passage. F igu re  3 con ta ins  d a t a  
f o r  assumed chemical propuls ion s y s t e m  and F igure  4 p e r t a i n s  t o  an  
assumed n u c l e a r  conf igu ra t ion .  

Figure 5 shows the t o t a l  f l i g h t  time of t he  mission and the Mars 
passage window. To ta l  mission time v a r i e s  from 560 t o  640 days,  and 
f o r  a t h i r t y - d a y  depa r tu re  window a t  e a r t h ,  t h e r e  is  a s ix ty -day  passage 
window a t  Mars. The passage window a t  Venus is approximately e i g h t  days.  
F igu re  6 g i v e s  t h e  d i r e c t i o n  of the hype rbo l i c  excess v e l o c i t y  v e c t o r  
f o r  e a r t h  depa r tu re .  
l e s s  than t e n  degrees ,  launch azimuth would n o t  be a problem. 

Since the  abso lu te  va lue  of t h e  d e c l i n a t i o n  is  

A r e p r e s e n t a t i v e  t r a j e c t o r y  p r o f i l e  for Mars passage is shown i n  
F igu re  7. 
and e x i t  Mars on the da rk  s i d e .  The c l o s e s t  approach po in t  of 1.1 p l a n e t  
r a d i i  i s  s l i g h t l y  on the  dark s i d e .  

The f l y b y  s p a c e c r a f t  would approach Mars on the s u n l i t  s i d e  

A f t e r  p e r i a p s i s  passage, a p ropu l s ive  
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maneuver is  executed a t  9.7 p l a n e t  r a d i i .  
t he  Mart ian sphere of i n f luence  about  s i x t y - f i v e  hours.  
u re  8 a r e  the approach and d e p a r t  hyperbol ic  excess v e l o c i t y  and the  
r e q u i r e d  bend ang le  of t he  hype rbo l i c  excess v e l o c i t y  v e c t o r .  From 
t h i s  f i g u r e ,  t he  Mars impulsive v e l o c i t y  curve g iven  i n  Figure 2 can 
be explained;  a t  the beginning of the Mars passage window, the  approach 
and d e p a r t  excess v e l o c i t y  d i f f e r  by 0.025 t o  0.030 EMOS w i t h  a r e s u l t a n t  
impulsive v e l o c i t y  of 0.65 t o  0.75 kmfsec. The r equ i r ed  bend ang le  can 
be obtained from the g r a v i t y  f i e l d  of Mars by execut ing t h e  maneuver a t  
t h e  optimum point .  Approximately t en  days i n t o  the  e a r t h - d e p a r t  window 
t h e  corresponding approach and d e p a r t  hype rbo l i c  excess v e l o c i t i e s  a t  
Mars d i f f e r  the l e a s t  amount. This r e s u l t s  i n  a minimum p o i n t  on the 
impulsive v e l o c i t y  curve i n  Figure 2 .  A t  t h e  end of t h e  passage window, 
t h e  d i f f e r e n c e  between the  approach and d e p a r t  hype rbo l i c  excess  v e l o c i t y  
is inc reas ing  and the  bend a n g l e  requirement is g r e a t e r  than that which 
t h e  g r a v i t y  f i e l d  of Mars can provide.  The combined e f f e c t  of t h e  
v e l o c i t y  d i f f e r e n c e  and the necessary e x t r a  bend a n g l e  r e q u i r e s  a l a r g e  
impulsive v e l o c i t y  as shown i n  Figure 2. 

The s p a c e c r a f t  s t a y s  w i t h i n  
Given i n  Fig- 

Shown i n  Figure 9 is a t y p i c a l  hyperbol ic  t r a j e c t o r y  p r o f i l e  a t  
Venus encounter.  Most of t he  p ro jec t ed  t r a j e c t o r y  on the  s u r f a c e  of 
Venus would be on the  s u n l i t  s i d e .  The r a d i u s  of c l o s e s t  approach i s  
1.25 p l a n e t  r a d i i  w i t h  an  encounter v e l o c i t y  of 11.83 kmfsec. 
c r a f t  s t a y s  wi th in  the  sphere in f luence  of Venus 28 hours .  F igu res  10  
and 11 present  t he  hype rbo l i c  bend a n g l e ,  hype rbo l i c  excess  speed, and 
t h e  r a d i u s  and c l o s e s t  approach a t  Venus encounter .  

The space- 

Reentry speed a t  e a r t h  a r r iva l  ranges from 12.4 t o  14.5 km/sec as 
shown i n  Figure 12.  F igu re  13 g i v e s  the o r i e n t a t i o n  of t h e  hype rbo l i c  
excess v e l o c i t y  v e c t o r  a t  e a r t h  arr ival .  

Communication d i s t a n c e s  and ang le s  t o  the  s p a c e c r a f t  r e l a t i v e  t o  
Ea r th ,  Mars, and Venus a r e  given i n  Figures  14,  15 and 16. 

SECTION V I .  1977 TRIPLE-PLANET FLYBY 

The Earth,  Venus, and Mars r e l a t i v e  p o s i t i o n s  are such that, w i t h  
a n  e a r t h  departure  d a t e  during February 1977, a t r i p l e - p l a n e t  f l y b y  m i s -  
s i o n  is  poss ib l e .  The t r i p l e - p l a n e t  t r a j e c t o r y  encounters  Venus f i r s t ,  
then Mars, a n d  then Venus f o r  the second time. Except f o r  a s l i g h t  
maneuver requirement a t  Venus f i r s t  passage,  t h e  t r a j e c t o r y  p r o f i l e  i s  
f r e e - f l i g h t  by the  passage p l a n e t s .  
t r i p l e - p l a n e t  mission occurs one and one-half  months a f t e r  t h e  oppor tun i ty  
f o r  a s i n g l e - p l a n e t  Venus f lyby  mis s ion ,  and t h e  Venus passage window i s  
about  one month l a t e r .  The t r i p l e - p l a n e t  mi s s ion  r e q u i r e s  t h e  Earth-Venus 

The e a r t h  d e p a r t u r e  d a t e  f o r  t h e  

a 

6 



t r a n s f e r  t o  be almost a 180-degree t r a n s f e r  arc. Therefore ,  t he  e a r t h  
depa r tu re  d a t e  is near an  a r e a  where t h e  v e l o c i t y  requirements would be 
r a p i d l y  inc reas ing .  When the t r a n s f e r  a r c  approaches 180 degrees ,  the 
h e l i o c e n t r i c  t r a n s f e r  plane i n c l i n a t i o n  is  l a r g e  r e l a t i v e  t o  the  e c l i p t i c  
p l ane ,  r e s u l t i n g  i n  high v e l o c i t i e s  r e l a t i v e  t o  E a r t h  and Venus. 

A t y p i c a l  h e l i o c e n t r i c  t r a j e c t o r y  p r o f i l e  is  shown i n  Figure 1 7 .  
E a r t h  depa r tu re  d a t e  occurs on February 14, 1977, r e q u i r i n g  an  impulsive 
v e l o c i t y  of 4.400 km/sec from e a r t h  parking o r b i t .  
encounters  Venus 118 days la ter .  Mars encounter takes  p l ace  172 days 
a f t e r  t he  f i r s t  Venus passage. F l i g h t  time from Mars t o  Venus second 
passage i s  259 days; Venus-to-Earth t r a n s f e r  d u r a t i o n  is 1 2 7  days,  
a r r i v i n g  a t  Ea r th  on December 22, 1978. The t o t a l  mission time r equ i r ed  
674 days. 

The s p a c e c r a f t  

Shown i n  Figures 18 iiuuugli 20 d r e  data pert : iwt i t  to  edrtl i  depdrture .  
Given i n  Figure 18 is hype rbo l i c  excess v e l o c i t y  and impulse v e l o c i t y  
increment a t  e a r t h  depa r tu re .  Figure 19 g ives  t h e  i n i t i a l  weight i n  
e a r t h  o r b i t  and t h e  r equ i r ed  p r o p e l l a n t  d e p a r t i n g  from o r b i t  f o r  assumed 
chemical and nuc lea r  o r b i t  launch v e h i c l e s .  Assuming a 20-day e a r t h  
d e p a r t u r e  window, the  assumed chemical v e h i c l e  r equ i r ed  1 x l o 6  pounds 
i n  e a r t h  o r b i t  of which . 7  x l o 6  pounds is  p r o p e l l a n t ;  t he  assumed 
nuc lea r  v e h i c l e  r equ i r ed  .54 x l o 6  pounds i n  e a r t h  o r b i t  and .25 x l o 6  
pounds of p r o p e l l a n t .  Eleven thousand pounds of s t o r a b l e  p r o p e l l a n t  
( I s p  = 310) is r equ i r ed  f o r  t he  power maneuver a t  Venus f i r s t  passage. 
The n e t  i n j e c t e d  payload i n t o  h e l i o c e n t r i c  t r a n s f e r  o r b i t  is  191,000 
pounds (180,000-pound s p a c e c r a f t  and 11,000 pounds of p r o p e l l a n t  f o r  
power maneuver a t  Venus f i r s t  passage).  Figure 20 i n d i c a t e s  t he  o r i en -  
t a t i o n  of t h e  hype rbo l i c  excess v e l o c i t y  v e c t o r  a t  e a r t h  depa r tu re .  

A t y p i c a l  hyperbol ic  t r a j e c t o r y  p r o f i l e  a t  the  f i r s t  Venus passage 
i s  presented i n  Figure 1 2 .  The t r a j e c t o r y  passes  on the  l i g h t  s i d e  of 
Venus w i t h  a c l o s e s t  approach d i s t a n c e  of 1.1 p l a n e t  r a d i i .  A powered 
maneuver i s  executed a t  1 .6  p l a n e t  r a d i i  t o  t r a n s f e r  t o  a h ighe r  energy 
hyperbola .  Time w i t h i n  t h e  sphere of i n f luence  i s  52 hours .  Figure 22 
d e p i c t s  t h e  magnitude of t he  hyperbol ic  excess  speed of t he  approach and 
d e p a r t  hyperbola a t  Venus. 
h y p e r b o l i c  excess v e l o c i t y  v e c t o r s  is  a l s o  shown. 

The bend a n g l e  between approach and d e p a r t  

Figures  2 3  and 24 i n d i c a t e  the t r a j e c t o r y  p r o f i l e  and o t h e r  p e r t i -  
nen t  parameters a t  Mars encounter . '  The s p a c e c r a f t  s t a y s  w i t h i n  Mart ian 
s p h e r e  of i n f l u e n c e  f o r  approximately 60 hours.  
s en ted  f o r  Venus second passage i n  Figures  25 and 26. The s p a c e c r a f t  
s t a y s  w i t h i n  Venus' sphere of i n f luence  f o r  40 hours .  

S imi l a r  d a t a  a r e  pre- 
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E a r t h  r e e n t r y  speed and the mis s ion ' s  t o t a l  f l i g h t  time a r e  d e t e r -  
mined from Figure 27.  Reentry speed ranges from 12.9 kmlsec t o  13.8 
km/sec. Total  f l i g h t  time v a r i e s  from 674 days t o  679 days. Figure 28 
shows the  angular  o r i e n t a t i o n  of the hype rbo l i c  excess v e l o c i t y  v e c t o r  
a t  e a r t h  r e t u r n .  

Figures 29, 30, and 31 p resen t  the communication parameters f o r  t he  
s p a c e c r a f t  r e l a t i v e  t o  Ea r th ,  Venus, and Mars. 

V I I .  1978 FREE-RETURN DUAL PLANET FLYBY 

The alignment of Ea r th ,  Venus, and  Mars p o s i t i o n s  is  such t h a t  by 
d e p a r t i n g  e a r t h  i n  December 1978 a f r e e - r e t u r n  dua l -p l ane t  mission can 
be achieved,  The t r a j e c t o r y  encounters Venus 160 days a f t e r  e a r t h  
depa r tu re ;  Mars encounter occurs 240 days a f t e r  Venus passage. Mars-to- 
Ea r th  f l i g h t  r e q u i r e s  250 days. Ea r th  r e t u r n  d a t e  occurs i n  September 
1980, w i t h  the t o t a l  mission time being 650 days. The s p a c e c r a f t  would 
encounter Mars j u s t  a f t e r  passing through aphe l ion .  Mars would be near  
t h e  Martian aphe l ion  p o s i t i o n  a l s o .  
c r a f t  m u s t  pass i n s i d e  E a r t h ' s  o r b i t  on the  Mars-to-Earth t r a n s f e r .  
Figure 32 gives  a t y p i c a l  h e l i o c e n t r i c  t r a j e c t o r y  p r o f i l e  f o r  1978 
m i s s  ion.  

To rendezvous wi th  E a r t h ,  t h e  space- 

E a r t h  depa r tu re  d a t a  a r e  presented i n  F igu re -33  through 35. Fig- 
ure  36 shows the  t o t a l  mission time corresponding t o  the  minimum v e l o c i t y  
requirement envelope d e p a r t i n g  the  e a r t h .  

Data f o r  Venus and Mars encounter a r e  g iven  i n  Figures  37 through 
42. Venus passage is a t w i l i g h t  passage, as shown i n  Figure 38, having 
a c l o s e s t  approach d i s t a n c e  of 1 . 1 7  p l a n e t  r a d i i .  The s p a c e c r a f t  s t a y s  
w i t h i n  t h e  Venusian sphere of i n f luence  f o r  32 hours .  Mars approach i s  
made on t h e  dark s i d e ;  t he  c l o s e s t  approach r a d i u s  of 1.14 p l a n e t  r a d i i  
i s  s l i g h t l y  i n  the dark.  The s p a c e c r a f t  d e p a r t u r e  i s  on the  s u n l i t  s i d e  
of Mars. Time w i t h i n  Mar's sphere of i n f l u e n c e  is  56 hours .  The Venus 
passage window is approximately 8 days,  and t h e  passage window a t  Mars 
is  on the  order  of 50 days. Hyperbolic excess  speed and o r i e n t a t i o n  i s  
given i n  Figures 43 through 45. 

Communication ang le s  and d i s t a n c e  r e l a t i v e  t o  E a r t h ,  Venus, and 
Mars are shown i n  Figures  46 through 48. 
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V I I I .  1978 DUAL-PLANET POWERED FLYBY 

. 
I 
I 

L 

The 1978 dua l -p l ane t  powered f lyby  mission is  obtained by a d j u s t i n g  
the a r r i v a l  d a t e  a t  Mars t o  be e a r l i e r  than f o r  t he  1978 dua l -p l ane t  f r e e  
r e t u r n  t r a j e c t o r y  such t h a t  t h e  s p a c e c r a f t ' s  h e l i o c e n t r i c  t r a j e c t o r y  w i l l  
encounter Mars be fo re  o r  a t  aphelion. By encountering Mars a t  a n  e a r l i e r  
d a t e  and execut ing a power maneuver a t  Mars, t he  Mars-to-Earth t r a j e c t o r y  
rendezvous w i t h  e a r t h  t h e  f i r s t  time i t  i n t e r s e c t s  t h e  e a r t h ' s  o r b i t .  
Therefore ,  the Mars-Earth segment of t h i s  mission does n o t  d i p  i n s i d e  
the  E a r t h ' s  o r b i t  as w a s  the s i t u a t i o n  f o r  the 1978 f r e e  r e t u r n  mission 
shown i n  Figure 32 .  The powered f lyby o f f e r s  a r educ t ion  i n  t o t a l  f l i g h t  
time of approximately 175 days over t h e  f r e e  f l i g h t  mission;  however, t he  
r e e n t r y  v e l o c i t y  is h ighe r ,  16.74 km/sec compared t o  14.46 kmlsec. 

The powered f lyby  e a r t h  launch window nr.r.1ir.s 18 days  be fo re  the  
f r e e  f l i g h t  window. Venus passage window is about  t e n  days e a r l i e r ;  
Mars encounter occurs about  100 days e a r l i e r ,  and e a r t h  r e t u r n  d a t e  
occurs  about  195 days be fo re  t h e  f r e e  r e t u r n  d a t e .  

Data f o r  t he  powered f l y b y  mission a r e  g iven  i n  t h e  same manner as 
the  f r e e  f l i g h t  d a t a  i n  Figures  49 through 63. 

I X .  CONCLUSIONS 

The r e s u l t s  presented i n  t h i s  r e p o r t  i n d i c a t e  t h a t ,  i n  t he  time 
per iod of 1975 through 1980, a mul t i -p l ane t  f l y b y  mission oppor tun i ty  
occurs  i n  1975, 1977, and 1978. The 1975 mission i s  a dua l -p l ane t  f l y b y  
which passes  Mars f i r s t  and then Venus; a power maneuver i s  r equ i r ed  a t  
Mars t o  perform t h i s  mission.  A t r i p l e - p l a n e t  oppor tun i ty  occurs i n  
1977, t he  t r a j e c t o r y  passes  Venus, then Mars, and then Venus the second 
t i m e ;  a s l i g h t  power maneuver is r equ i r ed  a t  Venus f i r s t  passage. I n  
1978, t h e r e  e x i s t s  a dua l -p l ane t  f r e e  r e t u r n  oppor tun i ty ,  passing Venus 
f i r s t  and then Mars; t h e r e  a l s o  e x i s t s  a dua l -p l ane t  powered f lyby  
(powered maneuver a t  Mars) i n  1978 which has a t o t a l  mission time of 
175 days l e s s  than t h e  1978 f r e e  r e t u r n  oppor tun i ty .  

Figure 64 d e p i c t s  the s i n g l e  and m u l t i - p l a n e t  f l yby  c h a r a c t e r i s t i c s  
f o r  t h e  1975 t o  1980 time per iod.  F igu re  65 shows the  time events  f o r  
t h e  f lyby  missions.  
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c 

The mul t i -p l ane t  f l yby  missions o f f e r  advantages over a s i n g l e - p l a n e t  
Mars f lyby  mission i n  the  fol lowing a r e a s :  s h o r t e r  t r i p  t ime; aphe l ion  
d i s t a n c e  l e s s  than 1 . 7  A.U. compared t o  2 . 2  f o r  a Mars f l y b y  mis s ion ;  
lower v e l o c i t i e s  a t  Mars encounter ( longer  s t a y  time w i t h i n  t h e  sphe re  
of i n f luence  of Mars); s h o r t e r  period of time of p o s s i b l e  i n a c t i v i t y  f o r  
the crew; 270 days t h e  longes t  f l i g h t  time between any two p l a n e t s  com- 
pared t o  530-day f l i g h t  time f o r  r e t u r n  t r i p  from Mars t o  E a r t h  on a 
Mars f l y b y  mission. 
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OPPORTUNITY YEARS 
AND 

MISSION TYPE 

1975 VENUS 

1975 DUAL PLANET 
POWERED FLYBY 

1975 MARS 

1977 VENUS 

1977 TRIPLE PLANET 
POWERED FLYBY 

AT VENUS 1st PASSAGE 

1977 MARS 

1978 VENUS 

1978 DUAL PLANET 
POWERED FLYBY 

1978 DUAL PLANET 
FREE RETURN FLYBY 

1979 MARS 

1975 
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F L Y B Y  MISSIONS I 



- 
SEP OCT I NOV I DEC 

- 
J A N  
- 
FEB 

1 9 7 5  T H R O U G H  1980 

- 
MAR G 

7s= 9 

- 
APR 

1979 

TIME P E R I O D  



E I 

I- 

- 
DEC 

-I 
I- 
- 

- 

- 
JAN 

1980 - 
MAR 

LEGEND : 

EARTH 

VENUS 

MARS 

EARTH 

9-11-80 

DEPARTURE 

ENCOUNTER 

ENCOUNTER 

RETURN 

40-6-80 40-4-81 

10-8-81 
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APPENDIX A 

Time Within Sphere of In f luence  

Figure A - 1  g ives  the time ( i n  hours)  w i t h i n  t h e  sphere of i n f luence  
for Venus and Mars ve r sus  hyperbol ic  excess speed, t h e  r a d i u s  of c l o s e s t  
approach being 1.1 p l a n e t  r a d i i .  
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. 

APPENDIX B 

Hyperbolic Bend Angle 

The hyperbol ic  bend a n g l e  due t o  Venus and Mars g r a v i t y  f i e l d  ve r sus  
hyperbol ic  excess speed i s  g iven  i n  Figures B-1 and B-2, r e s p e c t i v e l y .  
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I 

APPENDIX C 

, 8  

I 1  

Optimum Impulsive Veloci ty  Requirement f o r  

Hyperbolic Transfer  a t  Venus and Mars 

Powered f lyby  data f o r  Venus and Mars a r e  presented p a r a m e t r i c a l l y .  
Figure C - 1  r e p r e s e n t s  the geometry of the problem, and Figure C - 2  g ives  
t h e  v e c t o r  diagram of the powered maneuver. 

A single- impulse maneuver f o r  t r a n s f e r  between hype rbo l i c  o r b i t s  a t  
Venus is  given i n  Figures  C-3 through C-7  and f o r  Mars i n  Figures C-8 
through C - 1 2 .  R e l a t i v e  t o  a passage p l a n e t ,  i f  the  incoming and out-  
going hype rbo l i c  excess speeds have the  same magnitude b u t  due t o  a 
passage d i s t a n c e  c o n s t r a i n t  t he  n a t u r a l  g r a v i t y  bend ang le  i s  d i f f e r e n t  
from the  a c t u a l  bend ang ie  betweeu Tm1 and vWd, a powered maneuver i s  
necessa ry  such t h a t  t he  combined r e s u l t s  of g r a v i t y  t u r n  and powered 
t u r n  y i e l d  the  a c t u a l  bend ang le .  This s i t u a t i o n  is depicted i n  Fig- 
u re s  C-3 and C-8 f o r  a c l o s e s t  approach r a d i u s  of 1.1 p l a n e t  r a d i i ;  t h e  
powered maneuver is executed a t  the sphere of i n f luence  t o  y i e l d  minimum 
impulsive v e l o c i t y .  I f  t he  magnitudes of incoming and outgoing hyper- 
b o l i c  excess speed a r e  d i f f e r e n t ,  and the  n a t u r a l  bend from the p l a n e t ' s  
g r a v i t y  f i e l d  is  d i f f e r e n t  from the a c t u a l  bend ang le , then  t h e  propul- 
s i o n  system has t o  change t h e  magnitude and d i r e c t i o n  of t he  v e l o c i t y  
v e c t o r ;  t h i s  cond i t ion  i s  given in  Figures  C-4 through C - 1 2  excluding 
Figure C-8 .  

The r e s u l t s  of the numerical c a l c u l a t i o n  a r e  presented w i t h  impul- 
s i v e  v e l o c i t y  as t h e  o r d i n a t e  and r equ i r ed  bend ang le  as a b s c i s s a .  
each f i g u r e ,  t h e  r a t i o  of Vco2/Vcol'has been f i x e d ,  and t h e  curves a r e  
l o c i  of cons t an t  Vml. 
f o r  a c t u a l  cond i t ions  where Vml is g r e a t e r  than Vm2. 

I n  

The s u b s c r i p t s  of t he  V,'s can be interchanged 

A s  an  a i d  i n  reading the r e s u l t s ,  consider a Venus passage wi th  a 
V O O ~  equal  t o  0.30 EMOS, a Vco2 equal t o  0.42, and a r equ i r ed  bend ang le  
of 50 degrees .  The r a t i o  of V,,/V,,,, equal 1 .4  t h e r e f o r e  r e f e r  t o  Fig- 
u r e  C-5 read v e r t i c a l l y  from t h e  bend ang le  of 50 degrees on t h e  
Val equal  0.30 EMOS curve the r e s u l t i n g  impulsive v e l o c i t y  requirement 
i s  3.40 kmlsec. 
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FIG. C 1 .  GEOMETRY OF 
HYPERBOLIC TRANSFER MANEUVER 

0 
0 

0 

FIG. C 2 .  VECTOR DIAGRAM 
TRANSFER MANEUVER 

OF 
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